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Abstract
The branching ratios of the 
 
! h
 

0


and 
 
! h
 
 2
0


decays (where h
 
is either
a 
 
or K
 
) are measured using the OPAL detector at LEP. The two branching ratios are
simultaneously measured using separate selection criteria and are found to be
B
h
 

0
= (26:25  0:36  0:52)%
B
h
 
2
0
= (9:89 0:34  0:55)%
B
h
 

0
+ B
h
 
2
0
= (36:14  0:33  0:58)%
where the rst error is statistical and the second is systematic.
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1 Introduction
Compilations of  branching ratio measurements suggest an inconsistency when the inclusive
single-charged-particle or one-prong decay mode is compared with the sum of all the exclusive
one-prong decay modes [1]. This inconsistency between the inclusive and exclusive branching
ratios is not, however, supported by ALEPH [2] and CELLO [3]. Most measurements of the

 
! e
 

e


, 
 
!
 




and 
 
! h
 


(where h
 
is either a 
 
or K
 
) branching ratios
are consistent with each other. However the branching ratios of the  to hadrons accompanied
by 
0
's are less well known and additional measurements of these branching ratios may help
resolve some of the current ambiguity. This paper reports on a measurement of the branching
ratios of the 
 
!h
 

0


and 
 
!h
 
2
0


decays using the OPAL detector at LEP.
The  leptons from Z
0
!
+

 
decay are highly energetic and the subsequent  decay prod-
ucts are collimated along the  direction of motion. Two dierent h
 

0
selections that strive to
separate the decay products are presented. One uses a shower shape technique where the recon-
structed energy depositions in the lead-glass blocks are compared with reference distributions.
The other h
 

0
selection and the h
 
2
0
selection use a ne clustering algorithm.
Both h
 

0
selections produce samples with the background dominated by h
 
2
0
decays.
Similarly, the h
 
 2
0
sample has a background dominated by h
 

0
decays. The number of
h
 

0
and h
 
2
0
candidates can be expressed in terms of the two branching ratios. The two
branching ratios can be simultaneously derived using these expressions, eliminating the need
to use any previous measurement of them. The branching ratios for other  decays do need to
be included, but their inuence on the nal results is small.
The 
 
!h
 

0


branching ratio measured here includes the 
 
!
 

0


and 
 
!K
 

0


channels. The 
 
! h
 
 2
0


branching ratio also includes the 
 
! h
 
K
0
S


! h
 
2
0


decay. The 
 
! h
 
 2
0


branching ratio includes contributions from the 
 
! 
 
2
0


and 
 
! 
 
3
0


channels as the h
 
 2
0
selection criteria do not distinguish between the
two channels. The 
 
! h
 
4
0


decay or the other  decays involving photons, such as the

 
! 
 
!

and 
 
! 
 

0


decays, were not modelled, however their inuence on the
branching ratios is discussed.
2 OPAL Detector
The results presented here are based on data taken during the 1991 and 1992 runs with the
OPAL detector at LEP. Over 90% of the data were recorded at the peak of the Z
0
resonance
with the remainder taken at center-of-mass energies within 3 GeV of the peak. Details of the
OPAL detector can be found in reference [4]. Only a brief account of some relevant features
for the present analysis is given here.
The tracking of charged particles is performed with a central detector that contains three
drift chambers: a precision inner vertex chamber, a large volume jet chamber and specialized
chambers at the outer radius of the jet chamber which improve track position measurements in
the z-direction. The coordinate system is dened so that z is the coordinate along the e
 
beam
axis, r is the coordinate normal to the beam axis,  is the azimuthal angle and  is the polar
angle with respect to the z-axis. The tracking chambers are enclosed by a solenoidal magnet
coil providing an axial eld of 0.435 T. The average angular resolution of the combined tracking
system is about 0.2 mrad in  and better than 10 mrad in . The OPAL central detector also
includes a silicon microvertex detector.
Electromagnetic energy is measured by a detector composed of lead-glass blocks located
4
outside the magnet coil, divided into a barrel (j cos j < 0:82) and two endcaps (0:81 < j cos j <
0:98). Each block subtends approximately 40  40 mrad
2
. The depth of material to the back
of the calorimeter is about 25 radiation lengths. The electromagnetic calorimeter has a time-
of-ight detector and presampler in front of it. The time-of-ight detector consists of 160
scintillator bars covering the barrel region and the presampler consists of limited streamer
tubes in the barrel region and thin multiwire chambers for the endcaps.
Outside the electromagnetic calorimeter, the OPAL detector is instrumented with a hadron
calorimeter, constructed from alternating layers of iron slabs and limited streamer tubes. The
thickness of the material is typically eight interaction lengths. Outside the hadron calorimeter
is the muon chamber system, composed of four layers of drift chambers for j cos j < 0:68 and
four layers of limited streamer tubes for 0:60 < j cos j < 0:98.
3 Selection of 
+

 
Candidates
The procedure used to select Z
0
! 
+

 
events is similar to that described in previous OPAL
publications [5, 6]. The candidate event must contain 2-6 good charged tracks and less than 10
clusters in the lead-glass calorimeter. A good charged track must have p
?
> 100 MeV, jd
0
j < 2
cm and jz
0
j < 75 cm, where p
?
is the transverse momentum relative to the beam axis, jd
0
j is the
distance of closest approach of the track to the beam axis and jz
0
j is the displacement along the
beam axis from the nominal interaction point at the point of closest approach to the beam. The
track must also have at least 20 measured space points in the main jet chamber, and at least
one point within 75 cm of the beam axis. A cluster in the barrel lead-glass calorimeter must
have a minimum energy of 100 MeV, whereas a cluster in the endcap must have a minimum
energy of 200 MeV and contain at least two lead-glass blocks, no one of which may contribute
more than 99% to the cluster's energy.
The distinctive signature of a 
+

 
event is two back-to-back jets with typically one to
three charged particles, often accompanied by neutral hadrons or photons. Since the decay
products are collimated, it is convenient to treat each  decay as a jet, as dened in ref. [7],
where charged tracks and clusters in the lead-glass electromagnetic calorimeter are assigned to
cones of half-angle 35

. A 
+

 
candidate must contain exactly two jets, each with at least
one charged track and with a total track and cluster energy that exceeds 1% of the beam
energy. Backgrounds due to two-photon processes and events with radiation are removed by
requiring the acolinearity between the two jets to be less than 15

. A ducial requirement is
imposed on the directions of the  jets to avoid regions of non-uniform response in the lead-glass
calorimeter. The average value of j cos j for the two charged jets must satisfy j cos j < 0:68.
There are four main backgrounds. The rst background is from e
+
e
 
! e
+
e
 
events,
which can be identied by the presence of two high-momentum, back-to-back charged par-
ticles with the full center-of-mass energy (E
CM
) deposited in the lead-glass electromagnetic
calorimeter. This background can be reduced by requiring 
+

 
candidates to satisfy either
E
cluster
 0:8 E
CM
or E
cluster
+ 0:3E
track
 E
CM
, where E
cluster
is the total energy in the lead-
glass calorimeter and E
track
is the total energy of the charged tracks in the event. Hermeticity of
the calorimeter ensures reliable identication of e
+
e
 
! e
+
e
 
 (and e
+
e
 
! 
+

 
 ) events.
The second background is from e
+
e
 
! 
+

 
events, which can also be identied by the
presence of two high-momentum, back-to-back charged particles but with very little energy
deposited in the lead-glass electromagnetic calorimeter. Events are removed if they pass the
muon pair selection described in ref. [5]. This selection requires that a track in each jet give a
signal consistent with that for a muon and that the scalar sum of the charged track momenta
5
Background Contamination(%)
e
+
e
 
! qq 0.42  0.18
e
+
e
 
! e
+
e
 
0.22  0.08
e
+
e
 
! 
+

 
0.91  0.46
e
+
e
 
! e
+
e
 
e
+
e
 
0.09  0.02
e
+
e
 
! e
+
e
 

+

 
0.07  0.02
Total 1.71  0.50
Table 1: Estimated background contamination in the 
+

 
candidate events. The errors include
both statistical and systematic uncertainties.
plus the energy of the most energetic lead-glass cluster be greater than 0.6E
CM
.
A third background to e
+
e
 
! 
+

 
events comes from e
+
e
 
! qq (multihadronic) events.
This background is less signicant at LEP than at lower-energy experiments because the particle
multiplicity in e
+
e
 
! qq events increases with E
CM
, while for 
+

 
events it remains constant.
Finally, a fourth background comes from two-photon e
+
e
 
! (e
+
e
 
)X events where the nal-
state electron and positron escape undetected at low angles and the system X is misidentied as
a 
+

 
event. The contribution to the background is small because they lack the enhancement
to the cross-section from the Z
0
resonance and because the visible energy (the sum of the
charged track and lead-glass cluster energies) of the two-photon system is in general much
smaller than that from a 
+

 
event. An event is rejected if the sum of visible energies of the
jets is less than 3% of E
CM
. Further, if the total visible energy is less than 20% of E
CM
, the
event is rejected if the missing transverse momenta, calculated separately for charged tracks
and for lead-glass clusters, are both less than 2 GeV/c.
Other potential backgrounds arising from cosmic rays and single-beam interactions are
suppressed with simple requirements on the time-of-ight detector and on the location of the
primary event vertex.
These selection criteria were applied to all the data collected during 1991 and 1992 to give
a sample of approximately 27,000 
+

 
candidate events. Monte Carlo studies of the e
+
e
 
!
e
+
e
 
[8], e
+
e
 
! 
+

 
[9], e
+
e
 
! qq [10] and e
+
e
 
! (e
+
e
 
)X [11] channels are used to
estimate the residual background, as given in Table 1. The total background is (1.71  0.50)%.
4 h
 

0
Selection
The standard OPAL electromagnetic clustering algorithm used in the 
+

 
preselection was
designed for identifying jets in an e
+
e
 
environment. The clusters were not limited in size nor
was the algorithm optimized for distinguishing individual particles. Two alternative approaches
were developed with the purpose of improving our ability to distinguish individual particles in
 decays. This was motivated partly by the fact that the 
 
!
 


decay is most sensitive to
the  polarization when the 
 
and 
0
are extremely close to each other [13]. The measurement
of the branching ratio is less sensitive to this but benets from the increased statistics.
6
4.1 Selection I
The h
 

0
selection I uses reference proles of the lateral distribution of energy in electron and
pion showers in the lead-glass calorimeter to identify hadronic and electromagnetic clusters.
Reference shower proles were obtained using Monte Carlo [12] and cross-checked with electron
and pion control samples. The reference proles predict the fraction of energy in each of the
eight blocks surrounding the center block of a candidate cluster. The fraction of energy in a
particular block depends on the initial location of the shower within the center block and, for
hadrons, on the amount of energy in the hadronic calorimeter.
This selection requires each candidate jet to have exactly one charged track. The track
trajectory is extrapolated to the lead-glass calorimeter where it is associated to a particular
block. All of the energy in the associated block as well as the predicted energy in its adjacent
blocks, based on the hadronic shower proles, is assigned to the track. The energy associated
to the track is then removed from the jet.
Two photon candidates are constructed from the remaining energy. The rst photon candi-
date is assumed to enter the most energetic block and its energy spread to the adjacent blocks
is estimated in the same way as the track but using the electromagnetic shower proles. The
energy associated to this photon is removed from the jet and this procedure is repeated in
order to identify the second photon candidate from the remaining energy. Initially the location
of the photons are assumed to be at the center of their most energetic block. The next step
in the algorithm allows the positions of the photons to vary within a discrete grid in their
most energetic block. The conguration chosen has the least residual energy (the energy not
accounted for by hadronic or photon showers). The nal step in the algorithm recalculates the
direction of each photon if the reference prole overestimates the energy deposited in any of
the surrounding blocks. The direction is calculated using the block coordinates weighted by
their partial contribution to the photon energy.
Having identied a jet with a track and two photon candidates, the two photons must have
a mass, M

, that is consistent with a 
0
, M

< 0:3 GeV, and the mass of the jet, M
jet
,
must satisfy M
jet
> 0:6 GeV. The mass of the two photons and the mass of the jet are plotted
in Figure 1. The Monte Carlo is in reasonable agreement with the data when the OPAL 
branching ratios are used.
Further background suppression is obtained by requiring that jyj  1, where y is dened by
y =
(2E
h
0
=E
beam
  1)m
2

 m
2
h
0


(m
2

 m
2
h
0
)
where E
h
0
is the energy of the h
 

0
system; E
beam
is the beam energy; and m
h
0
is the mass
of the h
 

0
system. For h
 

0
decays, y = cos 

, where cos 

is dened as the angle of the
h
 

0
system relative to the  direction of motion in the  center-of-mass frame. Decays that
are incorrectly identied as h
 

0
candidates can give non-physical values for cos 

and are
rejected. The sensitivity of the nal results to the M

, M
jet
and y cuts have been examined
over a wide range and are within the quoted systematic errors.
4.2 Selection II
The h
 

0
selection II and the h
 
2
0
selection use a ne clustering algorithm for identifying
particles (

,  or unresolved 
0
) in  decays. This contrasts with the h
 

0
selection I where
discrete clusters are not a requirement, instead the shape of the energy deposition in the lead-
glass calorimeter is deconvoluted into individual particles.
7
Electromagnetic showers have a lateral size roughly equal to the size of a lead-glass block.
Rather than allow the size of cluster to be unrestricted in the number of blocks, it is limited to
a maximum size of 2 2 blocks in  and . Clusters adjacent to other clusters may have fewer
blocks. Both electron data samples and Monte Carlo show that on average 99% of the energy
of an electron deposited in the lead-glass calorimeter is contained in a 2  2 cluster.
Hadronic showers have a larger variation in the amount of energy deposited ranging from
those particles that leave little energy in the lead-glass blocks to those that start showering
early and leave all their energy in the lead-glass. The 2  2 cluster size was optimized for
detecting electromagnetic showers, however pion data samples show that on average 95% of the
energy that a charged pion deposits in the lead-glass calorimeter is contained within the cluster.
Tracks are matched to 2  2 clusters using a 
2
-type signicance parameter in  and  that
is weighted by the error in the track position at the lead-glass blocks and in the uncertainty
of the cluster centroid. The 
2
matching parameter and an E=p cut (E is the cluster energy
and p is the track momentum) can test if a  or 
0
overlaps the hadronic shower. The h
 

0
selection II and h
 
 2
0
selection use slightly dierent values, as discussed below. For both
h
 

0
selections, the kinematic quantities are calculated using the information from the charged
track and the unassociated clusters.
This h
 

0
selection requires each candidate jet to have exactly one charged track with the
scaled momentum, x  p=E
beam
, required to satisfy x > 0:05, where p is the charged track
momentum and E
beam
is the beam energy. Further, the track direction at the collision point is
required to be within 300 mrad of the original jet direction. Clusters are considered associated
to a track if both the polar and azimuthal components of the 
2
, 
2

and 
2

respectively, satisfy

2

< 8 and 
2

< 8. Jets that have a  or 
0
overlapping the track or jets from 
 
! e
 

e


decay are reduced substantially by requiring that the energy, E, of the cluster associated to the
track satisfy E=p < 0:9. The candidate jet is required to have either one or two clusters not
associated to the track with at least 1.4 GeV of energy per cluster and within 300 mrad of the
jet axis.
The mass of the jet, M
jet
, is required to be between 0.5 GeV and 2.0 GeV. The requirement
that M
jet
> 0:5 GeV reduces the background from radiative decays and 
 
!h
 


decays when
the hadron showers early in the magnet coil and produces an additional cluster in the lead-glass
calorimeter. However, eliminating this requirement would not signicantly alter the nal result.
The jet mass for h
 

0
decays is plotted in Figure 2(a). If the jet contains two neutral clusters
then their mass,M

, must be consistent with a 
0
(M

< 0:28 GeV). The mass M

for h
 

0
decays is plotted in Figure 3(a). With the high energy threshold on individual clusters, only
about 10% of the 
0
's are reconstructed from two clusters. Consequently the nal results are
almost insensitive to the M

< 0:28 GeV requirement.
5 h
 
2
0
Selection
The h
 
2
0
selection uses the same clustering algorithm described in the h
 

0
selection II. It
requires that each candidate jet have exactly one charged track with scaled momentumx  0:05
lying within 500 mrad of the jet direction. Clusters are considered associated to a track if both

2

< 16 and 
2

< 16. The clusters that are not associated to the track are required to have
E > 0:7 GeV and to be within 500 mrad of the jet direction.
The h
 
 2
0
selection uses a more general 
0
identication than employed in the h
 

0
selection. The h
 

0
selection is tighter since it has a higher potential background from other 
decays. The identication of 
0
's in the jet proceeds in three steps. The rst step identies all
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the pairs of 2  2 clusters that form a 
0
candidate dened as having 0:07 < M

< 0:23 GeV
and E

> 2:6 GeV, where M

is the mass and E

is the energy of the two cluster system.
The combination of clusters that gives the maximum number of 
0
's in the jet is chosen, and
if there is further ambiguity, the combination that gives the highest energy 
0
is chosen. The
next step is to look at the remaining clusters and identify them as 
0
's if their energy, E,
satises E > 2:6 GeV. Clusters that are neither associated to a track nor form a 
0
candidate
are ignored. Finally, the cluster associated to the track is considered a 
0
if E=p > 1:2 and
E > 2:6 GeV. Although the E=p distribution for an isolated charged hadron is rarely greater
than 1.0, the higher threshold of E=p > 1:2 reduces potential background from electrons.
The 
0
can only be reconstructed from two clusters when its energy is below approximately
10 GeV. Above that energy the two photons are too close to be resolved in the lead-glass
calorimeter using this clustering algorithm. To demonstrate that 
0
's are observed with this
algorithm, jets with one track and two clusters that are not associated to the track have been
selected. The mass of the two clusters was plotted in Figure 3(b) if it satised 0:07 < M

< 1:0 GeV and E

> 2:6 GeV (similar to the requirements given above except that the upper
threshold on M

was raised to 1.0 GeV). The Monte Carlo is in good agreement with the
data when OPAL  branching ratios are used. The background under the 
0
peak comes from
 decays accompanied by radiative photons or from a spurious cluster appearing due to the
showering of the charged pion in the magnet coil located in front of the lead-glass calorimeter.
The events with M

> 0:23 GeV would normally be classied as either a jet with one 
0
(one
cluster being a 
0
candidate and the other cluster with too little energy) or a jet with two 
0
's
(both clusters being 
0
candidates). Some of the h
 

0
decays that appear in the region M

> 0:23 GeV occur when the two clusters from a real 
0
are so close that the angular resolution
and consequently the mass resolution is poor. Approximately 25% of the 
0
's in the h
 
2
0
selection are reconstructed from two clusters and the sensitivity of the nal results to the M

cut is well within the systematic errors presented below.
Jets with two or more identied 
0
's are considered h
 
2
0
candidates. The mass of the
jet, M
jet
, is calculated using the track and 
0
's in the jet. The 
0
's used in the calculation of
M
jet
use the 
0
mass, rather than the reconstructed mass. The jet mass for h
 
2
0
candidates
is plotted in Figure 2(b). The jet mass is required to satisfy M
jet
< 2:0 GeV.
6 Branching Ratio Calculation
Both of the h
 

0
selections have high eciency for selecting h
 

0
decays with the h
 
 2
0
decays being the largest background and the other  decay modes being relatively small. Sim-
ilarly, the h
 
2
0
selection has a high eciency for selecting h
 
2
0
decays with the h
 

0
decays being the largest background.
Each selection yields an equation in terms of the eciencies for selecting a particular channel,
the branching ratio of that channel and the fraction of decays selected from the 
+

 
sample.
The two equations can be written as

11
B
1
+ 
12
B
2
+
n
X
j=3

1j
B
j
=
N
1
N

(1   f
non 
1
)
(1   f
non 
)

21
B
1
+ 
22
B
2
+
n
X
j=3

2j
B
j
=
N
2
N

(1   f
non 
2
)
(1   f
non 
)
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where the subscript 1 is used to indicate the h
 

0
channel and the subscript 2 is used to
indicate the h
 
2
0
channel. The terms B
1
and B
2
are the branching ratios in the preselected
sample. The term 
ij
is dened to be the eciency for selecting the j-th channel using the
i-th channel selection and is determined from Monte Carlo. The branching ratios B
j
, j  3,
are taken from other sources, as described below. In addition, N
i
is the number of decays
which pass the i-th selection requirements and N

is the number of decays passing the  decay
selection requirements. The f
non 
1
and f
non 
2
terms are the non- backgrounds in the h
 

0
and h
 
2
0
samples. The term f
non 
is the non- background in the 
+

 
sample.
The eciencies for selecting h
 

0
and h
 
2
0
decays and the background in the selected
samples are determined by Monte Carlo simulations [9]. The Monte Carlo models most 
decay modes including all hadronic decays with four pions and some with ve pions in the nal
state. The hadronic decay modes with two or three hadrons proceed only through the , a
1
or
K

resonances. Four and ve hadron modes are calculated only for pions with a phase space
calculation. No modelling of  decays with the  or ! resonances in the decay chain is done.
In general, the selection eciencies are independent of the branching ratios used in the Monte
Carlo. However, as the charged hadron can be a 
 
or K
 
, the eciencies are calculated as an
average of the channels weighted by their respective branching ratios. In addition, the decay
of the  through the K

resonance leads to four dierent nal states: K
 

0
, 
 
K
0
L
, 
 
2
0
and

 

+

 
. For a given K

branching ratio, the fraction of decays in each of the four nal states
is calculated using isospin symmetry arguments and the measured K
0
S
branching ratio.
The equations can be solved for the branching ratios for the 
 
!h
 

0


and 
 
!h
 

2
0


decay modes if the branching ratios of the other  decay modes are known. The low
eciency for selecting the other  decay modes means the 
 
!h
 

0


and 
 
!h
 
 2
0


branching ratios will depend weakly on these branching ratios. As mentioned, the solution
of the equations yields branching ratios in the preselected sample. As a result, a correction
factor must be applied to these branching ratios to correct the slight bias introduced into the

+

 
sample due to the 
+

 
selection criteria. Monte Carlo simulation indicates that the
branching ratios B
1
and B
2
should be divided by 1:01480:0067 and 1:01520:0072 to obtain
the unbiased branching ratios.
7 Results
A total of 8713 out of 56744 jets were identied with the h
 

0
selection I, while 10480 jets using
the h
 

0
selection II and 1688 jets using the h
 
2
0
selection were selected out of 54706 jets.
The h
 

0
selection I has dierent detector operational status requirements so the total number
of  jets is slightly dierent. The samples are not statistically independent. The h
 

0
selections
have 5575 decays in common. The number of decays in common between the h
 
 2
0
and
h
 

0
selections is 389 for h
 

0
selection I and 67 for h
 

0
selection II, respectively.
The eciencies for selecting particular  decay modes out of the 
+

 
sample are listed
in Table 2. The error quoted for each eciency comes entirely from Monte Carlo statistics.
The eciency for selecting 
 
! h
 

0


decays is an average of the eciencies for selecting

 
! 
 

0


or 
 
!K
 

0


decays weighted by their relative branching ratios. Similarly,
the eciency for selecting 
 
!h
 
2
0


decays is based on an average of the eciencies for
selecting 
 
!
 
2
0


, 
 
!
 
3
0


or 
 
!
 
K
0
S


!
 
2
0


decays weighted by their
relative branching ratios. The eciencies for these decays and the branching ratios assumed
in the calculation of the h
 

0
and h
 
 2
0
eciencies are given in Table 3. The dependence
of the branching ratios on these assumptions will be discussed in the section describing the
10
Table 2: Selection Eciencies
Channel h
 

0
h
 

0
h
 
2
0
Selection I (%) Selection II (%) Selection (%)
h
 

0

1
46.97  0.16 57.19  0.18 2.76  0.06
h
 
2
0

2
22.29  0.20 29.65  0.25 23.16  0.23
e
 
 0.93  0.04 0.59  0.03 0.07  0.01

 
 0.67  0.03 1.09  0.05 0.00  0.00
h
 
 4.15  0.04 6.72  0.13 0.22  0.03
K
 
 ! 
 
K
0

3
9.97  0.43 13.50  0.62 1.31  0.21
h
 
h
+
h
 
 0
0
 0.11  0.01 0.16  0.02 0.11  0.02
1
Includes K
 
! K


0
2
Includes K
 
! 

K
0
S
! 

2
0
3
Excludes K
 
! K
 

0
and K
 
! 

K
0
S
! 

2
0
systematic errors.
The background from  decays other than h
 

0
and h
 
 2
0
decays is estimated to be
(4.960.14)% , (6.990.22)% and (2.200.17)% for the h
 

0
I, h
 

0
II and h
 
 2
0
selec-
tions, respectively (see Table 4). The errors quoted arise from the uncertainty in the selection
eciency and the uncertainty in the branching ratio. The branching ratios used to estimate
the background are B
e
 

= (17:93  0:26)%, B

 

= (17:58 0:27)%, B
h
 

= (12:7 0:4)%,
B

 
K
0
L

+ B

 
(K
0
S
!
 

+
)
= (0:80  0:12)% and B
h
 
h
+
h
 
(0
0
)
= (14:06  0:25)%, which cor-
respond to the \t" values given in the Particle Data Group summary [1]. There is negligible
background in either h
 

0
sample from non- sources. The background from e
+
e
 
! qq events
in the h
 
2
0
sample is estimated to be (0:46 0:19)%.
One set of branching ratios is determined using the h
 

0
selection I with the h
 
 2
0
selection. A second set of branching ratios is determined using the h
 

0
selection II with the
h
 
 2
0
selection. The results are presented in Table 5. The two sets are found to be in
excellent agreement.
7.1 Systematic Errors
The systematic uncertainties are given in Table 6. The upper table gives the systematic errors
for the branching ratios obtained using the h
 

0
I and h
 
 2
0
selections while the lower
table gives the systematic errors for the branching ratios obtained using the h
 

0
II and h
 

2
0
selections. Both tables also give the systematic error on the sum of the two branching
ratios. The sum of the branching ratios is calculated by adding the two branching ratios.
The systematic error on the sum of the branching ratios is evaluated independently as the
systematic errors for the h
 

0
and h
 
 2
0
branching ratios are correlated. Some of the
individual systematic errors are asymmetric, so that the total errors given at the bottom may
not equal the quadratic sum of errors in each column.
The systematic errors are presented in two parts in Table 6. The rst part gives the
errors on the aspects of the analysis such as the modelling of photon conversions, the eect of
the x = p=E
beam
requirement, other tracking requirements and the uncertainty in the overall
energy scale. The second part gives the errors on the backgrounds in the sample. The non-
background, the background from other  channels, and the inuence of the 
 
3
0
, K

and
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Table 3: h
 

0
and h
 
2
0
Eciencies
h
 

0
Eciency
Channel h
 

0
h
 

0
Branching
Selection I (%) Selection II (%) Ratio (%)

 

0
47.2  0.2 57.5  0.2 26.00
K
 

0
36.3  1.0 43.3  1.2 0.47
h
 
2
0
Eciency
Channel h
 
2
0
Branching
Selection (%) Ratio (%)

 
2
0
23.0  0.3 8.60

 
3
0
26.0  0.7 1.30

 
K
0
S
! 
 
2
0
10.7  1.3 0.15
Table 4: Background Fraction
Channel h
 

0
h
 

0
h
 
2
0
Selection I (%) Selection II (%) Selection (%)
e

 0.91 0.05 0.57 0.03 0.42 0.07


 0.65 0.03 1.04 0.05 0.01 0.01
h

 2.88 0.10 4.66 0.17 0.93 0.11
K
 
 ! 

K
0
L
 0.09 0.01 0.13 0.02 0.50 0.08
h
 
h
+
h
 
 0
0
 0.44 0.08 0.59 0.11 0.35 0.09
Total 4.960.14 6.99 0.22 2.20 0.17
Table 5: Branching Ratio Measurements
h
 

0
Selection I and h
 
2
0
Selection
B
h
 

0
26.15  0.38 (stat)
+ 0:51
  0:80
(syst) %
B
h
 
2
0
9.90  0.34 (stat)  0.57 (syst) %
B
h
 

0
+ B
h
 
2
0
36.05  0.35 (stat)  0.61 (syst) %
h
 

0
Selection II and h
 
2
0
Selection
B
h
 

0
26.25  0.36 (stat)  0.52 (syst) %
B
h
 
2
0
9.89  0.34 (stat)  0.55 (syst) %
B
h
 

0
+ B
h
 
2
0
36.14  0.33 (stat)  0.58 (syst) %
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other branching ratios on the results are presented.
The systematic error due to \photon conversions" takes into account the uncertainty in
the amount of material in the detector which leads to a slight dierence in the modelled and
observed number of photon conversions. The Monte Carlo indicates that 10% and 19% of the
h
 

0
and h
 
 2
0
events have more than one good track. This is primarily due to photon
conversions although about one-tenth is due to decays of 
0
into e
+
e
 
 . Studies indicate that
the data and Monte Carlo are in agreement on photon conversion to the level of 10%. Hence
the uncertainty in the eciencies due to photon conversions is estimated as 1% on the h
 

0
eciency and 2% on the h
 
2
0
eciency, corresponding to an error on the branching ratios
of 1% and 2% for h
 

0
and h
 
2
0
, respectively.
The \x = p=E
beam
requirement" systematic error gives the change in the branching ratio
when the x  0:05 requirement was removed from the h
 

0
II and h
 
2
0
selections. This cut
was implemented as there might be some uncertainty in the modelling of hadronic clusters from
low momentum pions using the ne clustering algorithm. However the small eect of the cut
on the results suggests that this is not a problem. Although this requirement was not applied
to the h
 

0
I selection, the solution of the linear equations yields a systematic uncertainty in
the h
 

0
branching ratio.
The \z-chamber requirement" systematic error gives the change in the branching ratio when
the z drift chamber was included as part of the selection requirement. The OPAL jet chamber
has excellent r- resolution but poorer z resolution. However the z-chamber, which improves
the z resolution, was not required in the h
 

0
II and h
 
 2
0
selections due to its modest
ineciency. The h
 

0
I selection required that there were z-chamber hits on all the charged
tracks. Poor z resolution could aect the mass distributions. To estimate the size of this eect,
the tracks were required to have hits from the z-chambers and the change in the branching
ratio was included as a systematic uncertainty.
The \energy scale" systematic uncertainty includes: an energy scale error (the Monte Carlo
energy scale is varied by 2% at 1 GeV decreasing to 1% at 45 GeV) which is due to the
uncertainty of the calibration in the lead-glass calorimeter; an error in the energy correction for
photons; and an error associated with the dierence in energy resolution between the Monte
Carlo and data. The large size of the error reects the sensitivity of the measurement to the
modelling of hadronic showers in the lead-glass calorimeter and the 
0
identication algorithms
used.
The second half of the systematic errors arise from uncertainties in the non- and other 
backgrounds as well as uncertainties in the contributions of the 
 
3
0
, K

and other  decay
modes. The background from  decays to the e
 

e


, 
 




, h
 


, 
 
K
0
L


+ 
 
(K
0
S
!

 

+
)

and h
 
h
+
h
 
( 0
0
)

channels is relatively small and is insensitive to variations in
the branching ratios of these channels within their errors. The error on the  background
includes the uncertainty on the eciency due to Monte Carlo statistics and an uncertainty on
the branching ratios of those channels.
The eciencies for selecting h
 

0
and h
 
 2
0
decays depend on the relative branching
ratios of the individual decays. The branching ratios of the 
 
!K
 


(and its subsequent de-
cay products) and 
 
!h
 
3
0


decays were independently varied by 100% and the observed
changes in the results were included as a systematic error.
Other  decays that are not modelled may contribute to the h
 

0
and h
 
 2
0
samples.
CLEO has published results on the 
 
!
 
4
0


branching ratio relative to the 
 
!h
 

0


branching ratio [14]. A branching ratio of 0.16% for the 
 
! 
 
4
0


decay is obtained
when the h
 

0
branching ratio measured here is used. Included in this branching ratio is the
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 
! 
 

0


decay, also observed by CLEO [15], when the  decays into three 
0
's . The

 
! 
 

0


decay has a branching ratio of (0:17  0:02  0:02)% [15]. The  can also
decay into two photons approximately 39% of the time and could contribute to the signal. The

 
!
 
!

branching ratio has been measured by CLEO to be (1:60 0:27 0:41)% [15] and
by ARGUS to be (1:650:30:2)% [16]. The ! can decay to a 
0
 nal state about 8.5% of the
time, so the 
 
!
 
!

branching ratio giving rise to only one charged track would be 0.14%.
The eciencies for detecting any of these decays were not determined, so their branching ratios
are added as a systematic error to all three branching ratios.
CELLO has estimated the non-resonant 
 
!
 

0


branching ratio to be (0.30.10.3)%
based on a at mass distribution [17]. To check for possible bias against non-resonant 
 
!
h
 

0


decays, the eciency for resonant 
 
! h
 

0


decays was studied as a function of
the four-vector h
 

0
mass. Assuming a at mass distribution, the eciency for detecting non-
resonant h
 

0
decays using selection I is 52% compared with 57% for resonant h
 

0
decays.
Since the eciency for detecting non-resonant and resonant h
 

0
decays is approximately
equal, we assume that the 
 
!h
 

0


branching ratio quoted is the sum of the resonant and
non-resonant components.
Although there is no error quoted explicitly for the uncertainty in the modelling of hadronic
showers, it is included in a number of the errors listed in Table 6. The x-cut checks the
modelling of low momentum hadrons. The energy scale variations are also sensitive to the
shower modelling. The h
 

0
selection I uses a shower shape technique for identifying particles
and has a large uncertainty when the energy scale is varied. The h
 

0
selection II and h
 
2
0
selection are much less sensitive to the shower shape. The limited cluster size means the tails of
the showers, where the largest uctuations may occur, are ignored. The two dierent methods
for identifying particles should also be sensitive to any problems in the modelling of hadronic
showers. The agreement between the methods suggests that systematic errors associated with
the hadronic shower modelling are small and within the quoted systematic errors.
The measurements of the B
h
 

0
and B
h
 
2
0
branching ratios are correlated to some extent.
The correlation coecient, , is estimated from the statistical errors to be -0.53 and -0.58
when the h
 

0
selection I and selection II were used. The small statistical error on the sum
of the two branching ratios is a consequence of this correlation. The correlation coecient
for the systematic errors is estimated from the nal systematic errors on B
h
 

0
, B
h
 
2
0
and
B
h
 

0
+ B
h
 
2
0
. This is possible as the systematic error on B
h
 

0
+ B
h
 
2
0
was evaluated
independently. The correlation coecient is estimated to be approximately -0.5 and -0.4 when
the h
 

0
selection I and h
 

0
selection II are used, respectively.
The dierence between the two sets of branching ratios given in Table 5 is small. As the
two sets of results are not independent, they are not averaged. Instead we quote the branching
ratio as determined by the h
 

0
selection II and the h
 
2
0
selection as our \nal result".
8 Discussion
The inclusive one-prong branching ratio can be compared with the sum of the exclusive one-
prong branching ratios using these new results. OPAL has published  branching ratio mea-
surements for the 
 
! e
 

e


, 
 
!
 




and 
 
!h
 


channels of (17:4  0:5  0:4)%,
(16:8 0:5 0:4)%, and (12:1 0:7 0:5)%, respectively [5]. The K

contribution to the one-
prong exclusive branching ratios is partly included in the 
 
! h
 

0


and 
 
! h
 
 2
0


branching ratios, however the K
 
! 
 
K
0
L
contribution is not. Assuming the Particle Data
Group t value for the branching ratio of 
 
!K
 


of (1:42  0:18)% [1], the 
 
!
 
K
0
L


14
Table 6: Systematic uncertainties in the branching ratios
Description h
 

0
h
 
2
0
h
 

0
+ h
 
2
0
(%)
Selection I (%) Selection (%)
Photon conversions 0.26 0.20 0.46
x requirement 0.09 0.19 0.10
z-chamber requirement 0.09 0.18 0.10
Energy Scale 0.65 0.43 0.22
Non- background 0.15 0.03 0.19
 backgrounds 0.06 0.03 0.06


3
0
0.33 0.23 0.11
K
 
0.12 0.06 0.16
h

4
0
0.16 0.16 0.16

 

0
0.07 0.07 0.07

 
! 0.14 0.14 0.14
Total
+0:51
 0:80
0.57 0.61
Description h
 

0
h
 
2
0
h
 

0
+ h
 
2
0
(%)
Selection II (%) Selection (%)
Photon conversions 0.26 0.20 0.46
x requirement 0.22 0.21 0.01
z-chamber requirement 0.22 0.20 0.02
Energy Scale 0.21 0.41 0.20
Non- background 0.16 0.03 0.19
 backgrounds 0.07 0.03 0.08


3
0
0.26 0.22 0.04
K
 
0.11 0.06 0.15
h

4
0
0.16 0.16 0.16

 

0
0.07 0.07 0.07

 
! 0.14 0.14 0.14
Total 0.52 0.55 0.58
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branching ratio would be (0:47  0:06)% from isospin symmetry arguments. In addition, the

 
! 
 
K
0
S


! 
 

+

 


decay, with a branching ratio of (0:33  0:04)%, is also consid-
ered a one-prong decay in the inclusive measurement. Including these K

channels, the sum of
the exclusive one-prong OPAL branching ratios would give (83:3  1:4)% consistent with the
measured OPAL inclusive one-prong branching ratio of (84:48  0:27 0:23)% [6].
The OPAL  branching ratios indicate that there is no one-prong problem. Similarly,
ALEPH [2] and CELLO [3] report no inconsistency between their one-prong exclusive and
inclusive branching ratio measurements. However OPAL's solution to the one-prong problem
is dierent from both ALEPH and CELLO, with a higher fraction of 
 
!h
 

0


decays and
a smaller fraction of 
 
!h
 
2
0


decays in the one-prong sample.
The branching ratio of the 
 
!h
 
1
0


decay is measured to be (36:14 0:33 0:58)%.
This branching ratio was calculated by adding the 
 
!h
 

0


and 
 
!h
 
2
0


branching
ratios. The results presented here are in good agreement with the ALEPH [2] and CELLO [3]
results of (37:08  1:62)% and (36:6 2:1)% respectively. The ALEPH result was obtained by
adding their 
 
!h
 

0


, 
 
!h
 
2
0


and 
 
!h
 
3
0


branching ratios. The CELLO
result was obtained by adding their 
 
!h
 
2

and 
 
!h
 
> 2

branching ratios.
The branching ratio of the 
 
!h
 

0


decay is measured to be (26:250:360:52)% and
is compared with other published branching ratios in Figure 4. The branching ratios indicated
by a () have been published as either 
 
!
 


or 
 
!
 

0


, and 0.5% has been added to
them to account for the K
 

0
contribution. The 
 
!h
 

0


branching ratio measured here
is high when compared with the Particle Data Group average value (23.8 0.8)% and t value
(24.40.6)% [1], but it is consistent with most measurements.
Kuhn and Santamaria [23] predict that  (
 
!
 

0


)= (
 
!e
 

e


) = 1:32  0:05 on
the assumption that the Conserved Vector Current (CVC) principle is correct. Using OPAL's
branching ratio for 
 
!e
 

e


of (17:4 0:5 0:4)% [5] and the 
 
!h
 

0


branching ratio
measured here, one obtains  (
 
!
 

0


)= (
 
!e
 

e


) = 1:48 0:07. The 
 
!K
 

0


branching ratio of (0:47 0:06)% was subtracted from the 
 
!h
 

0


branching ratio to give
the 
 
!
 

0


branching ratio. The result measured here is consistent (within two standard
deviations) with the CVC prediction.
The branching ratio of the 
 
!h
 
2
0


decay was measured to be (9:890:340:55)%
and is compared with other published branching ratios in Figure 5. The ALEPH[2] and CELLO
[17] branching ratios were calculated by adding their 
 
! h
 
2
0


and 
 
! h
 
 3
0


branching ratios. CLEO has measured the branching ratios of the 
 
!h
 
2
0


, 
 
!h
 
3
0


and 
 
!h
 
4
0


decays relative to the 
 
!h
 

0


branching ratio [14]. In Figure 5 the sum
of the CLEO branching ratios is plotted using both our 
 
!h
 

0


branching ratio and the
Particle Data Group t value. Our result for the 
 
!h
 
2
0


branching ratio is consistent
with previous individual measurements. However it is signicantly lower than the Particle
Data Group average value (13.71.1)% and t value (13.20.7)% for the 
 
! h
 
 2
0


channel, but in good agreement with the sum of the average values for the 
 
!h
 
2
0


and

 
!h
 
3
0


channels (10.80.9)% [1].
9 Conclusions
The branching ratio of the 
 
!h
 

0


and 
 
!h
 
2
0


decays have been measured with
the OPAL detector at LEP. The branching ratios are
16
Bh
0
= (26:25  0:36  0:52)%
B
h2
0
= (9:89 0:34  0:55)%
B
h
0
+B
h2
0
= (36:14  0:33  0:58)%
where the rst error is statistical and the second error is systematic.
The sum of the 
 
!h
 

0


and 
 
!h
 
2
0


branching ratios gives a 
 
!h
 
1
0


branching ratio that is the most precise measurement to date and is in agreement with previous
measurements. The results, when added together with previously published OPAL one-prong
measurements, show that the exclusive one-prong branching ratio is consistent with the inclusive
one-prong branching ratio.
The measurements of the 
 
!h
 

0


and 
 
!h
 
2
0


branching ratios have precision
comparable or better than previous measurements. The 
 
!h
 

0


branching ratio is higher
than but consistent with published branching ratios, while the 
 
!h
 
2
0


branching ratio
is lower than but consistent with previous measurements.
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Figure Captions
Figure 1 The mass of (a) the two photons and (b) the jet for decays that pass the h
 

0
selec-
tion I. The data are represented by the points on the plot. The Monte Carlo prediction is
divided into three parts: the unshaded part is the h
 

0
decays, the diagonal cross hatch
part is the h
 
 2
0
decays and the double cross hatched part is the background from
other  decays. The arrows indicate the positions of the mass cuts applied.
Figure 2 The mass of the jet for decays that pass (a) the h
 

0
selection II and (b) the h
 
2
0
selection. The data are represented by the points on the plot. The Monte Carlo prediction
is divided into three parts: for the upper plot the unshaded part is the h
 

0
decays, the
diagonal cross hatch part is the h
 
2
0
decays and the double cross hatched part is the
background from other  decays. For the lower plot the unshaded part is the h
 
 2
0
decays, the diagonal cross hatch part is the h
 

0
decays and the double cross hatched
part is the background from other  decays. The arrows indicate the positions of the
mass cuts applied.
Figure 3 The mass of the neutral clusters for jets with only two neutral clusters. The upper
plot (a) is for decays that pass the h
 

0
selection II. The arrow indicates the position of
the mass cut applied. The lower plot (b) uses the 
0
nding algorithm employed in the
h
 
2
0
selection. The lower plot demonstrates that 
0
's are reconstructed with the 
0
nding algorithm. Note that the cuts applied to the data to generate the lower plot dier
from those applied in the h
 
2
0
selection. For both plots, the data are represented by
the points on the plot; and the Monte Carlo prediction is divided into three parts: the
unshaded part is the h
 

0
decays, the diagonal cross hatch part is the h
 
 2
0
decays
and the doubly cross hatched part is the background from other  decays.
Figure 4 The published branching ratios for the 
 
!h
 

0


decays are shown. The branch-
ing ratios labelled with a () are published as either 
 
!
 


or 
 
!
 

0


and have
been corrected for K
 

0
contributions.
Figure 5 The published branching ratios for the 
 
! h
 
 2
0


decay are shown. The
branching ratios labelled with a () have been determined by summing up the 
 
!
h
 
2
0


, 
 
!h
 
3
0


and 
 
!h
 
4
0


contributions. The CLEO 
 
!h
 
 2
0


branching ratio is dependent on the 
 
! h
 

0


branching ratio. Two numbers for
CLEO are given, one is based on the 
 
!h
 

0


branching ratio measured here and the
other on the Particle Data Group branching ratio.
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